The optimum time interval for 10 ml boluses of bupivacaine 0.0625% + fentanyl 2 lg.ml À1 as part of a programmed intermittent epidural bolus regimen has been found to be 40 min. This regimen was shown to be effective without the use of supplementary patient-controlled epidural analgesia boluses in 90% of women during the first stage of labour, although with a rate of sensory block to ice above T6 in 34% of women. We aimed to determine the optimum programmed intermittent epidural bolus volume at a 40 min interval to provide effective analgesia in 90% of women (EV 90 ) during the first stage of labour, without the use of patient-controlled epidural analgesia. We performed a prospective double-blind dose-finding study using the biased coin up-and-down sequential allocation method in 40 women. The estimated EV 90 was 11.0 (95%CI 10.0-11.7) ml with the isotonic regression method and 10.7 (95%CI 10.3-11.0) ml with the truncated Dixon and Mood method. Overall, 18 women had a sensory block above T6, and 37 women exhibited no motor block. No women required treatment for hypotension. In conclusion, it is not possible to reduce the programmed intermittent epidural bolus volume from 10 ml, used in our current regimen, without compromising the quality of analgesia. Using this regimen, a high proportion of women will develop a sensory block above T6.
Introduction
The programmed intermittent epidural bolus (PIEB) technique is a recent advance in labour analgesia in which a fixed volume of local anaesthetic is automatically administered at a set interval, in contrast to the usual method of continuous epidural infusion. Both techniques are typically combined with patient-controlled epidural analgesia (PCEA), which allows the woman to selfadminister additional local anaesthetic in case of breakthrough pain. A recent systematic review and meta-analysis comparing PIEB with continuous epidural infusion demonstrated that PIEB was associated with improved maternal satisfaction, decreased local anaesthetic consumption and decreased duration of the second stage of labour [1] . Furthermore, in one study, PIEB was shown to decrease the incidence of motor block and the rate of instrumental delivery [2] .
The optimal PIEB regimen has not been definitively established, as these have varied significantly among studies [2] [3] [4] [5] [6] [7] [8] . However, recent studies have addressed optimisation of PIEB settings. For example, Wong et al. [8] demonstrated a decrease in bupivacaine consumption, without altering patient comfort or satisfaction, when larger volume PIEB boluses were administered at longer intervals compared with smaller volume PIEB boluses at shorter intervals. However, their study used PCEA as a significant component of the total dose of local anaesthetic, which is similar to almost all other studies. Recently, we have explored the concept of a PIEB regimen that minimises breakthrough pain and the requirement for PCEA boluses in 90% of women [9] . Using a PIEB bolus of 10 ml of bupivacaine 0.0625% with fentanyl 2 lg.ml
À1
, and varying the interval between 30 and 60 min, we found an optimal interval of approximately 40 min. With this regimen, however, 34% of women exhibited a sensory block to ice above T6. Although this sensory block was not associated with any significant side-effects such as motor block and hypotension, it might indicate an unnecessarily high spread of local anaesthetic. We therefore designed this study to investigate whether it is possible to reduce the PIEB volume without compromising the efficacy of the technique, maintaining all the other settings of the PIEB regimen constant, by determining the bolus volume required for effective analgesia in 90% of women (EV 90 ) without the use of PCEA.
Methods
After obtaining Research Ethics Board approval, we conducted a prospective double-blind dose-finding study using the biased coin up-and-down sequential allocation method [10, 11] , between September 2016 and January 2017. We followed the Consolidated Standards of Reporting Trials (CONSORT) statement when conducting and reporting our investigation.
We obtained written informed consent for the study from women not in labour, or in early labour, after admission to the labour unit. We included nulliparous women of ASA physical status 2-3 with a singleton pregnancy; gestational age > 37 weeks; regular uterine contractions occurring at least every 5 min; cervical dilation 2-5 cm; and pain > 5 (verbal numerical pain scale (VNPS) 0-10) at the time of request for epidural analgesia. We did not recruit women who refused consent or who had a contraindication to epidural analgesia, allergy or hypersensitivity to bupivacaine or fentanyl, or who had opioids or sedatives within 4 h preceding epidural insertion. Unintentional dural puncture was an indication for post-hoc exclusion. Initial data collected on each woman included: blood pressure; physical characteristics; type of labour (spontaneous or induced); and use of oxytocin.
The epidural was inserted by a fellow or consultant in the standard manner for our institution. Ultrasound of the spine was performed before insertion. Epidural placement was performed in the sitting position with a 17-G Tuohy needle using a midline approach at the L3-4 interspace, with either air or saline for loss-of-resistance. A19-G multi-orifice wire reinforced catheter (Arrow Flextip plus; Arrow International Inc., Reading, PA, USA) was inserted 5 cm into the epidural space, and aspirated to confirm the absence of blood or cerebrospinal fluid. A test dose of 3 ml bupivacaine 0.125% + fentanyl 3.3 lg.ml À1 was administered. After 3 min, a loading dose was administered, consisting of two 6 ml boluses of bupivacaine 0.125% with fentanyl 3.3 lg.ml
À1
, given 3 min apart. To continue with the study, we required that a VNPS ≤ 1 was achieved within 20 min of completion of the loading dose.
Labour analgesia was maintained with a solution of bupivacaine 0.0625% with fentanyl 2 lg.ml À1 administered via an epidural infusion pump (CADD â -Solis Ambulatory Infusion System; Smiths Medical, St Paul, MN, USA), which was programmed to deliver a bolus at an infusion rate of 250 ml.h
. The first PIEB bolus was given 1 h after the completion of the loading dose, and all subsequent PIEB doses were given at a fixed interval of 40 min.
We expected to find that the appropriate hourly dose of bupivacaine would be between 6.25 mg.h À1 , typically used in the literature for PIEB but requiring PCEA boluses for breakthrough pain [2, 7, 8] , and 9.4 mg.h À1 that we previously found minimised the requirement for PCEA boluses [9] . This is equivalent to PIEB bolus volumes between 7 and 10 ml delivered every forty minutes. However, as a requirement of the biased coin up-and-down design, the upper range needs to be above the expected dose, hence we studied a range of volumes between 7 and 12 ml. The first woman enrolled in the study was administered a PIEB bolus of 7 ml. The PIEB bolus for the subsequent woman was determined by the response of the previous woman and the biased coin up-and-down sequential allocation, with a possible increment or decrement of 1 ml. For example, if the PIEB volume did not provide adequate analgesia, the volume for the next woman was increased by 1 ml. On the other hand, if the PIEB volume did provide adequate analgesia, the volume for the next woman was either decreased by 1 ml with a probability of one in nine, or remained the same. If there was a successful response in the 7 ml group, or a failure in the 12 ml group, the volume for the following woman was not changed. The biased coin up-and-down sequential allocation was carried out using a computer-generated list of random responses prepared by our statistician (XY) using Excel (Microsoft, Redmond, WA, USA). A research assistant used this list to provide the PIEB volume setting for the next woman in a sealed envelope. An unblinded research assistant or consultant anaesthetist set up the epidural infusion pump. The screen of the epidural infusion pump was covered with paper to blind the participant, investigator and nurse.
The woman was able to self-administer additional 5 ml PCEA boluses of the same epidural solution with a lockout interval of 10 min, for a maximum total hourly volume of 30 ml, which is the standard at our institution. The use of PCEA to treat breakthrough pain was explained to each woman, and she was told to press the PCEA button if she felt uncomfortable. If the woman pressed the PCEA button, or requested a physician-delivered top-up, the PIEB regimen was considered inadequate, and the bolus size was classified as a failure.
All assessments were completed by a blinded investigator at 20 min and 1 h after the loading dose, and then every hour thereafter until the completion of the study. Sensory block level to ice (highest blocked dermatome to any change in cold sensation) in the midclavicular line, motor block in the leg (modified Bromage score: 0 = no motor block; 1 = inability to raise extended leg but able to move knees and feet; 2 = inability to raise extended leg and move knee but able to move feet; 3 = complete motor block of limb), non-invasive blood pressure (assessed between contractions) and VNPS were recorded at each assessment.
The primary outcome was adequate labour analgesia, which was defined as no use of PCEA or request for manual boluses for 6 h after the epidural loading dose or until the woman's cervix was fully dilated, whichever occurred first. We decided on a study duration of 6 h as we planned to study exclusively the effectiveness of this PIEB regimen during the first stage of labour, and current evidence suggest that a higher concentration of local anaesthetic may be required after 6 h in some women [8] . Secondary outcomes included: sensory block level; motor block in the lower limbs; and hypotension (defined as a decrease in systolic blood pressure by 20% of baseline).
For a dose-finding study based on the biased coin up-and-down design, the distribution of data is nonindependent and unknown. Simulation studies suggest that the stopping rule of enrolling at least 20 to 40 patients will provide stable estimates of the target dose in most cases [10, 11] . Therefore, a sample size of 40 women was chosen for this study.
The EV 90 (95%CI) were estimated using two different non-parametric methods, the isotonic regression with pooled-adjacent-violators algorithm approach and the truncated Dixon and Mood method [10] [11] [12] . Both methods are commonly used in anaesthetic research utilising the biased coin up-and-down design, and the two methods typically provide similar results [9, 12] . In this study, the isotonic regression method was the primary estimate, as this method has a smaller bias and mean square error compared with the Dixon and Mood method, although the confidence interval is typically wider. The Dixon and Mood method was treated as the backup estimate in this study.
Statistical analyses were performed using SAS 9.3 (SAS Institute Inc; Cary, NC, USA) and R package (R version 3.1.3; www.r-project.org) [11] .
Results
Sixty-three women were evaluated for participation in our study between September 2016 and January 2017. Eight women were not eligible for the following reasons: five women had a VNPS > 1 at 20 min postepidural loading dose; one woman's cervix was only 1 cm dilated, one woman's cervix had dilated by 10 cm after the epidural loading dose; and a decision to perform a Caesarean section was made just after the loading dose in one woman. Of the remainder, nine women refused to participate, and six were excluded post-hoc (three had a caesarean section before the end of the study; two had incorrect pump programming; and one the study epidural pump was unavailable), leaving 40 women included in data analysis.
The physical and labour characteristics of women receiving PIEB labour analgesia are shown in Table 1 . The estimated EV 90 (95%CI) was 11.0 (10.0-11.7) ml with the isotonic regression method and 10.7 (10.3-11.0) ml with the truncated Dixon and Mood method. In the 10, 11 and 12 ml groups, effective analgesia was achieved in 75%, 90%, and 100% of women, respectively. The allocation sequence and the response to the assigned PIEB volume are shown in Fig. 1 .
The proportion of women with successful analgesia for each bolus volume is shown in Table 2 . There was no difference between the observed proportion and the pooled-adjacent-violators algorithm-adjusted proportion for each volume.
The timing of the PCEA request for women with an ineffective PIEB volume is shown in Table 3 . Of the eight women with an ineffective PIEB volume, five were receiving oxytocin either for induction or augmentation of labour. Women with an effective PIEB volume had a median (IQR [range]) cervical dilation of 3.5 (3-4 [2] [3] [4] [5] ) cm at the onset of the study, similar to the 3 (2.5-4.5 [2] [3] [4] [5] ) cm values for those with an ineffective PIEB volume (p = 0.71). However, at the end of the study, women with an effective PIEB volume had a significantly smaller cervical dilation of 6 (4-6.5 [4] [5] [6] [7] [8] ) cm compared with 8.5 (6-10 [3-10] ) cm for those with an ineffective PIEB volume (p = 0.02).
Peak sensory block levels to ice, degree of motor block and incidence of hypotension for each PIEB volume are presented in Table 4 . There was a low incidence of hypotension in all groups, and no women required pharmacological treatment for hypotension. Women receiving 10 ml PIEB volumes and above exhibited a trend towards higher maximum sensory block levels. In the 10 ml, 11 ml and 12 ml groups, 25%, 50% and 64% had a sensory block level to ice above T6, respectively. Only women in the 11 ml and 12 ml groups had any degree of motor block, with one woman in the 11 ml group and two women in the 12 ml group having a Bromage score of 1.
Discussion
Our study suggests that the optimal PIEB volume of bupivacaine 0.0625% with fentanyl 2 lg.ml À1 administered at a fixed interval of 40 min is approximately 11 ml. Furthermore, our results suggest that it is not possible to reduce the PIEB volume below 10 ml, used in our current PIEB regimen, without compromising the quality of analgesia [9] . The hourly consumption of bupivacaine in our current study was 10.3 mg, which is similar to the 9.4 mg we found previously using a comparable study design [9] . Of note, both of our studies attempted to establish an effective PIEB regimen in 90% of women in the absence of supplementary PCEA boluses. Two previous studies by Wong et al. combined PIEB with PCEA and reported a median hourly bupivacaine consumption of 10.5 (95%CI 10.3-11.0) mg and 8.8 (IQR [8.0-9.7]) mg [7, 8] . Even though it is not possible to make direct comparisons between these four studies, due to very different study designs, it appears that hourly bupivacaine consumption is relatively similar whether the PIEB regimen is used as a sole technique or in association with PCEA. It remains to be determined whether these two very different approaches translate into relevant clinical outcome differences, such as patient satisfaction, work-load or complications.
Our study results suggest that higher 10-12 ml PIEB volumes produce higher sensory block to ice compared with lower 7-9 ml volumes. These results are in keeping with the findings of our previous study, where a high proportion of women exhibited a sensory block to ice above T6 [9] . Furthermore, our results suggest that higher volumes of bupivacaine 0.0625% with fentanyl 2 lg.ml
À1
, especially above 10 ml may be associated with increased motor block. However, Table 4 Sensory block, motor block and hypotension in women receiving programmed intermittent epidural bolus (PIEB) analgesia.
PIEB volume 7 ml 8 ml 9 ml 10 ml 11 ml 12 ml (n = 1) (n = 2) (n = 8) (n = 8) (n = 10) (n = 11)
Highest sensory block over study period these were secondary outcomes in our study, and therefore warrant further confirmation.
It is important to highlight that sensory levels to ice above T6 were not associated with any complications such as patient discomfort, breathing difficulty or hypotension. However, as stated previously, these findings reinforce the need for further optimisation of the technique, given that wide spread of sensory analgesia is not necessary or desired. The current practice in our department requires the nurse to notify the anaesthetist if a sensory block to ice is above T6, thus possibly generating an increase in work-load.
Our current study suggests that it is not possible to reduce the PIEB volume below 10 ml with our current PIEB regimen [9] without compromising the quality of analgesia. Other alternatives for optimising the technique should therefore be sought. One possibility would be the use of a higher concentration of local anaesthetic, which would allow a significant reduction in the PIEB bolus volume while maintaining the same amount of drug. Another option would be the use of different PIEB flow rates, given that previous studies have shown that increased flow rates lead to increased pressure in the epidural catheter and wider spread of local anaesthetic solutions within the epidural space [13, 14] .
There are some limitations to our study. First of all, the EV 90 estimated in our study may only be valid for this specific mixture of bupivacaine 0.0625% with fentanyl 2 lg.ml
. Secondly, we only studied nulliparous women with cervical dilation ≤ 5 cm, so it is unclear how our results might be applied to either multiparous women or nulliparous women in advanced labour. Lastly, as we only followed women for up to six hours after the epidural insertion, we do not know how well our regimen works beyond six hours or during the second stage of labour.
In conclusion, the EV 90 of bupivacaine 0.0625% and fentanyl 2 lg.ml À1 with a fixed interval of 40 min is approximately 11 ml. Our results suggest that it is not possible to reduce the PIEB volume below 10 ml, used in our current PIEB regimen without compromising the quality of analgesia. At this volume, a significant proportion of women exhibit sensory block to ice above T6. Possible areas of research to further optimise the PIEB regimen include investigating the effect of PIEB flow rates, or the effect of the local anaesthetic concentration on block height, and optimal local anaesthetic dose.
